Fascin is an actin bundling protein that cross-links individual actin filaments into straight, compact, and stiff bundles, which are crucial for the formation of filopodia, stereocillia, and other finger-like membrane protrusions. The dysregulation of fascin has been implicated in cancer metastasis, hearing loss, and blindness. Here we identified monoubiquitination as a novel mechanism that regulates fascin bundling activity and dynamics. The monoubiquitination sites were identified to be Lys 247 and Lys 250 , two residues located in a positive charge patch at the actin binding site 2 of fascin. Using a chemical ubiquitination method, we synthesized chemically monoubiquitinated fascin and determined the effects of monoubiquitination on fascin bundling activity and dynamics. Our data demonstrated that monoubiquitination decreased the fascin bundling EC 50 , delayed the initiation of bundle assembly, and accelerated the disassembly of existing bundles. By analyzing the electrostatic properties on the solvent-accessible surface of fascin, we proposed that monoubiquitination introduced steric hindrance to interfere with the interaction between actin filaments and the positively charged patch at actin binding site 2. We also identified Smurf1 as a E3 ligase regulating the monoubiquitination of fascin. Our findings revealed a previously unidentified regulatory mechanism for fascin, which will have important implications for the understanding of actin bundle regulation under physiological and pathological conditions. . 5 The abbreviations used are: ABS, actin binding site; Ub, ubiquitin; mUb, monoubiquitinated; DTNB, 5,5-dithio-bis-(2-nitrobenzoic acid); Ni-NTA, nickel-nitrilotriacetic acid; TEM, transmission electron microscopy; PCNA, proliferating cell nuclear antigen; PMA, phorbol 12-myristate 13-acetate; SLS, static light scattering.
The compact and straight actin bundles are critical for mammalian cells to generate finger-like protrusions such as filopodia and stereocillia. These protrusions are required for diverse physiological functions including cell motility, hearing, and nutrient absorption. Fascin is a monomeric actin bundling protein essential for maximal cross-linking of actin filaments into compact and rigid bundles (1) . There are three fascin isoforms (fascin-1, -2, and -3) in metazoans, with fascin-1 expressed mostly in cells with neuronal and mesenchymal lineage, fascin-2 expressed in hair cells and photoreceptor cells, and fascin-3 expressed almost exclusively in the testis (1) . The dysregulation of fascin proteins has been associated with various diseases. For example, fascin-1 (hereafter referred to as fascin) is overexpressed in almost all the carcinomas (2, 3) . It is believed that fascin promotes cancer metastasis by facilitating the formation of filopodia and invadopodia, which promote cancer cell motility and invasiveness (2, 4) . The expression of fascin-2 is limited to the inner ear and retina (1) . The loss of function mutations of fascin-2 have been correlated with hearing loss and autosomal dominant retinitis pigmentosa, presumably because of defective actin bundle structures in hair cell stereocillia and photoreceptors (5) (6) (7) (8) (9) (10) . Understanding the molecular mechanisms underlying fascin bundling activity and its regulation may provide new avenues to prevent cancer metastasis and to treat patients with hearing and vision loss.
We and others previously solved the X-ray crystal structure of fascin and identified residues critical for fascin bundling activity (11) (12) (13) (14) . Most of the critical fascin residues are positively charged arginine and lysine residues (11) . These residues predominantly cluster at two sites, suggesting that these are the two major actin binding sites (ABS1 and ABS2) 5 that cross-link actin filaments through electrostatic interactions. It has been reported that the phosphorylation of Ser 39 by PKC abrogated fascin bundling activity (15) . Post-translational regulation of fascin activity other than Ser 39 phosphorylation is unclear. Ubiquitination controls a wide range of biological process by regulating protein degradation, interactions, localization, etc. (16) . Proteins may be modified either by the monomeric ubiquitin (monoubiquitination) or the polymeric ubiquitin chain (polyubiquitination) (16, 17) . Monoubiquitination has been implicated in regulating DNA repair, endocytosis, virus budding, and nuclear export (18) . Fascin has been previously implicated in ubiquitin proteasome-mediated synaptic reorganization in neuronal ischemic tolerance (19) . However, whether or how ubiquitination regulates fascin function is not known.
In this study we investigated the post-translational modification of fascin. We discovered that fascin was monoubiquitinated at two lysine residues in its ABS2. We further used an in vitro chemical ubiquitination method to synthesize monoubiquitinated fascin protein and investigated the effects of Lys 250 monoubiquitination on fascin bundling activity, the ultrastructure of fascin bundles, and the kinetics of actin bundle formation and disassembly. Our data suggested that monoubiquitination at ABS2 inhibited fascin bundling activity by interfering the interaction between F-actin and the positively charged patch at ABS2. Our findings uncover a novel regulatory mechanism for fascin proteins and shed new light on our understanding of actin bundle regulation.
Results
Fascin Is Monoubiquitinated-To understand molecular mechanisms that regulate fascin bundling activity, we employed mass spectrometry to identify post-translational modifications of fascin. FLAG-tagged fascin ectopically expressed in HEK293 cells was immunoprecipitated in the presence of phosphatase and pan-HDAC inhibitors, and the post-translational modifications were examined through LC-MS/MS. In addition to the previously reported phosphorylation at Ser 39 (data not shown), we consistently detected fascin ubiquitination at Lys 247 and Lys 250 (Fig. 1A ). To determine whether fascin was indeed modified by ubiquitination, HEK293 cells were co-transfected with FLAG-fascin and HA-Ub. After immunoprecipitation of FLAG-fascin, the presence of ubiquitinated fascin was probed with anti-HA antibody. As shown in Fig. 1B , ubiquitinated protein bands corresponding to mono-, di-, tri-, and tetra-Ub fascin were visible when HEK293 cells were co-transfected with HA-Ub and FLAG-fascin, but not when the cells were transfected with FLAG-fascin or HA-Ub alone, suggesting that fascin is indeed modified by ubiquitination in these cells.
To determine whether Lys 247 and Lys 250 are required for fascin ubiquitination, we mutated the two lysine residues to arginine. The K247R/K250R double mutant (2KR) reduced the ubiquitination level by ϳ50% (Fig. 1C ). The additional ubiquitination at Lys 41 , Lys 42 , Lys 241 , Lys 353 , Lys 399 , Lys 464 , and Lys 471 was identified on the K247R/K250R fascin mutant through mass spectrometry (data not shown), suggesting that these lysine residues were suboptimal ubiquitination sites that could be modified in the absence of Lys 247 and Lys 250 ubiquitination. Mutation of three additional lysine residues (5KR mutant, K41R/K42R/K247R/K250R/K399R) further reduced the levels of ubiquitinated fascin (Fig. 1C ).
To investigate whether fascin protein stability is regulated by ubiquitination, we examined the effects of proteasome inhibitor MG132 on fascin protein levels in several fascin expressing cells from different lineages including NIH3T3 (murine fibroblast), B103 (rat neuroblastoma), HEK293 (human kidney), and MDA-MB-231 (breast cancer) cells. MG132 treatment had no effects on fascin protein levels in any of these cells ( Fig. 1D ). Furthermore, no detectable decrease in fascin protein levels was observed in MDA-MB-231 cells even 30 h after inhibition of total protein synthesis with cycloheximide ( Fig. 1E ). Taken together, our data suggest that fascin is a stable protein, and ubiquitination does not play a noticeable role in regulating its stability or protein expression levels.
Because our data suggested that ubiquitination may not regulate fascin protein stability, we examined the possibility that fascin might be monoubiquitinated. As shown in Fig. 1F , fascin ubiquitination was readily detectable when co-transfected with K0-HA-Ub (all lysine residues mutated to alanine). The modification by K0 mutant ubiquitin suggested that fascin could be mono-or multiubiquitinated (ubiquitination of multiple lysine residues by ubiquitin monomers). To determine the proportions of mono-and multiubiquitinated fascin, we used Ni-NTA beads to purify ubiquitinated proteins from HEK293 cells cotransfected with FLAG-fascin and His-Ub, and the presence of fascin was probed with anti-FLAG antibody. As shown in Fig.  1G , fascin purified with Ni-NTA beads were predominantly (Ͼ90%) corresponding to the monoubiquitinated band, although di-, tri-, and tetra-ubiquitinated fascin was also detectable ( Fig. 1G ). Similarly, we were able to observe monoubiquitinated fascin-2 when co-transfected with His-Ub (data not shown), suggesting that post-translational modification by ubiquitin is at least conserved between these two fascin isoforms. We were not able to ectopically express fascin-3 in HEK293 cells and thus not able to determine whether fascin-3 is modified by monoubiquitination. Taken together, our data suggested that both fascin and fascin-2 are post-translationally modified by monoubiquitination.
The Positively Charged Patches at Monoubiquitination Sites Are Essential for Fascin Bundling Activity-In a previous systemic alanine scan mutagenesis, we identified two major actin binding sites (ABS1 and ABS2) critical for fascin bundling activity (11) . Interestingly most of the monoubiquitinated lysine residues are either required for fascin bundling activity (e.g. Lys 41 , Lys 247 , Lys 250 , Lys 353 , and Lys 471 ), or are immediately adjacent to residues critical for bundling (e.g. Lys 42 and Lys 399 ) ( Fig. 2A) , indicating that monoubiquitination might be involved in the regulation of fascin-actin interaction. To understand the functional role of fascin monoubiquitination, we evaluate the structural relationship between monoubiquitination sites and electrostatic potential on the surface of solvent-accessible fascin (Fig. 2 , B-E). There are two distinct patches of positive charges on fascin surface that co-localize with ABS1 and ABS2 ( Fig. 2 , B-D). A third positive charge patch at the tip of ␤-trefoil domain 3 may constitute an ancillary interaction site with F-actin ( Fig. 2E ). The positive charge patch at ABS1 consists of five positively charged residues Lys 22 , Lys 41 , Lys 42 , Lys 43 , and His 65 from ␤-trefoil domain 1, with Lys 41 and Lys 42 being suboptimal monoubiquitination sites ( Fig. 2C ). Lys 22 , Lys 41 , and Lys 43 have been previously shown to be essential for fascin activity. Glu 27 , another residue essential for fascin bundling activity, forms a 2.6 Å salt bridge with Lys 43 (Fig. 2D ). It is worth noting that Glu 27 is the only essential residue with neg-ative charge identified in our previous mutagenesis screening. The proximity of Glu 27 to this positive charge patch and the Lys 43 -Glu 27 salt bridge suggest that Glu 27 may contribute to actin bundling by regulating the proper conformation of the ABS1 positive charge patch.
The second positive charge patch at ABS2 consists of Arg 149 , Lys 150 , Arg 151 , Arg 217 , Lys 220 , Lys 241 , Lys 244 , Lys 247 , and Lys 250 from ␤-trefoil 2, with Lys 247 and Lys 250 being the predominant monoubiquitination sites and Lys 241 being one of the suboptimal ubiquitination sites (Fig. 2, E and F) . Interestingly, the three monoubiquitinated residues locate at a lysine-rich loop that is at the center of the ABS2 positive charge patch (Fig. 2 , E and F). A single lysine to alanine mutation shifted the EC 50 of actin bundling activity from 0.15 M (for WT fascin) to 0.2 M (for K241A and K247A) or 0.4 M (for K244A and K250A) ( Fig. 2H ). The EC 50 further increased to 0.8 -1 M when two lysine residues were simultaneously mutated (K241A/K244A and K247A/K250A), suggesting that positive charges from this loop contribute to actin bundling accumulatively (Fig. 2H ). The quadruple mutations of all the lysines in this loop lead to the complete loss of fascin activity ( Fig. 2H ), signifying the critical role of this monoubiquitinated loop in fascin-F-actin interaction.
Monoubiquitination Inhibits Fascin Bundling Activity-The co-localization of monoubiquitination sites with positively charged patches at actin binding sites suggests that monoubiquitination may regulate the electrostatic interaction between fascin and F-actin. On the one hand, it is possible that modification by highly positively charged ubiquitin would strengthen the fascin-actin interaction by providing additional positive charges (ubiquitin surface is highly positively charged); on the other hand, monoubiquitination may block fascin bundling activity by introducing steric hindrance to interfere with fascin- respectively. The endogenous fascin in HEK293 cells was immunoprecipitated with anti-fascin antibody, separated by SDS-PAGE, and subjected to identification of post-translational modification through mass spectrometry. B, lysates from HEK293 cells expressing FLAG-fascin and HA-Ub were immunoprecipitated with M2 anti-FLAG beads, and the presence of ubiquitinated proteins was detected with anti-HA antibody through Western blotting. C, the 2KR (K247R/K250R) and 5KR (K41R/K42R/K247R/K250R/K399R) mutations inhibited fascin ubiquitination. D, NIH3T3, MDA-MB-231, HEK293, and B103 cells were treated with proteasome inhibitor MG132 (0.5 M) for the indicated time, and the effects of MG132 treatment on fascin protein levels in these cells were evaluated using Western blotting. E, the effect of cycloheximide (10 M) treatment on fascin protein levels in MDA-MB-231 cells. F, FLAG-fascin was co-expressed with K0 mutant (all lysines mutated to alanines) of HA-Ub in HEK293 cells. After immunoprecipitation with M2 anti-FLAG beads, the ubiquitination of fascin by HA-Ub K0 mutant was detected with anti-HA antibody. G, ubiquitinated proteins in HEK293 cells expressing His-tagged ubiquitin were pulled down with Ni-NTA beads, and the presence of ubiquitinated fascin was detected with anti-FLAG antibody. IB, immunoblotting; IP, immunoprecipitation; m, monoubiquitinated fascin; d, diubiquitinated fascin; tr, triubiquitinated fascin; te, tetraubiquitinated fascin. DECEMBER 30, 2016 • VOLUME 291 • NUMBER 53 JOURNAL OF BIOLOGICAL CHEMISTRY 27325 actin interaction. To understand the effects of monoubiquitination on fascin bundling activity, reconstituted actin bundling assay using purified wild type fascin and monoubiquitinated fascin would be essential.
Inhibition of Fascin by Monoubiquitination
Recently, a chemical ubiquitination method has been developed to allow site-specific monoubiquitination of PCNA (20) . We adapted this method to chemically monoubiquitinate fascin ( Fig. 3 ). We decided to focus on Lys 247 and Lys 250 because these two sites are the predominant monoubiquitination sites and also because there is currently no report on the post-translational regulation of fascin ABS2. Recombinant His-tagged ubiquitin was expressed and purified as an intein fusion protein. After cleavage of intein with cysteamine and activation of the thiol group with DTNB, the DTNB-activated ubiquitin is able to modify cysteine by forming disulfide bond with the free thiol group (Fig. 3A) . Therefore, mutation of Lys 247 or Lys 250 to cysteine would allow the synthesis of chemically ubiquitinated fascin that closely resembles natively monoubiquitinated fascin ( Fig. 3A) . Seven of the eleven cysteine residues in fascin are solvent-accessible, which explains the modification of wild type fascin by Ub-DTNB ( Fig. 3B ). Mutation of the seven solventaccessible cysteines to serines (7CS mutant) abrogated the chemical ubiquitination ( Fig. 3B ). Next we mutated Lys 247 and Lys 250 to cysteine and purified recombinant K250C/7CS and K247C/7CS fascin mutants. By incubating with Ub-DTNB, we were able to obtain monoubiquitinated K250C/7CS (referred to as mUb-fascin hereafter for simplicity). The chemical ubiquitination of K247C/7CS was unsuccessful for unknown reasons. The mUb-fascin was partially purified with Ni-NTA beads (Fig.  3B) , and the chemical ubiquitination of the mutant at Cys 250 through a disulfide bond was confirmed through mass spectrometry ( Fig. 3C) .
To understand the biochemical function of fascin monoubiquitination, we first used a low speed sedimentation assay to determine the effects of chemical ubiquitination on fascin bundling activity (Fig. 4, A and B) . The bundling activity of the 7CS mutant was comparable with wild type fascin, with no obvious difference in actin bundling EC 50 , suggesting that mutation of the seven cysteines has no global effect on fascin conformation (Fig. 4, A and B) . The K250C mutation slightly shifted the actin bundling EC 50 from 0.15 to ϳ0.25 M, which is consistent with its localization at a positive charge patch essential for fascin bundling activity. When the K250C/7CS mutant was monoubiquitinated at Cys 250 , the EC 50 further shifted to ϳ1 M, suggesting an over 5-fold decrease in bundling activity after monoubiquitination at the lysine-rich Lys 241 -Lys 250 loop. Importantly, cleavage of ubiquitin from mUb-fascin with DTT was able to restore fascin bundling activity ( Fig. 4A ), suggesting that the inhibition of fascin activity was indeed due to the modification of Cys 250 by the disulfide bond linked ubiquitin.
Next, we used two complementary assays to further evaluate the effects of monoubiquitination on fascin bundling activity ( Fig. 4 , C-F). To visualize actin filaments and bundles directly under a fluorescent microscope, F-actin incubated with or without wild type, mutant, or mUb-fascin was stained with phalloidin. As shown in Fig. 4C , wild type fascin, 7CS, and K250C/7CS mutants induced the formation of thick and bright actin bundles. The bundling activity of K250C/7CS was abrogated after chemical ubiquitination (Fig. 4, C and D) . To evaluate the effects of monoubiquitination on the ultrastructure of F-actin bundles, we used transmission electron microscopy (TEM) to visualize the actin bundles cross-linked by wild type, mutant, or mUb-fascin ( Fig. 4, E-G) . Incubation with 0.5 M wild type fascin or 7CS mutant completely cross-linked all the actin filaments into tight and straight bundles with an average diameter of 383.5 Ϯ 26.2 nm (Fig. 4, D and E) . The K250C mutation slightly decreased the bundle thickness to 328.8 Ϯ 28.3 nm and resulted in incomplete bundling of actin filaments (Fig. 4, D and E) . No actin bundle was observed when F-actin was incubated with 0.5 M mUb-fascin. The abrogation of actin bundling activity by chemical ubiquitination could be at least partially rescued by treatment with DTT (average bundle thickness, 260.6 Ϯ 30.3 nm) (Fig. 4, D and E) , which is consistent with the nature of the disulfide bond-linked chemical ubiquitination. It is worth noting that although mUbfascin was able to cross-link F-actin at a saturating 2 M, the bundles by Ub-fascin were less densely packed and disordered ( Fig.  4G ), suggesting inherently defective bundling by mUb-fascin even at high concentrations. DECEMBER 30, 2016 • VOLUME 291 • NUMBER 53
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Monoubiquitination Regulates the Dynamic of Fascin Bundle Assembly and Disassembly-To evaluate the effects of monoubiquitination on fascin bundling dynamics, we used light scattering to monitor the cross-linking of F-actin ( Fig. 5A ). Incubation of F-actin with wild type fascin led to increase in light scattering, suggesting the increase in bundle size after crosslinking of actin filaments. The increase in light scattering quickly reached a plateau at ϳ15 min for wild type fascin and the 7CS mutant (Fig. 5A ). Interestingly, there was a 10 -15-min lag in actin bundling when actin filaments were incubated with 0.5 M K250C/7CS mutant, although the increase in light scattering eventually reached a plateau comparable with that of wild type and 7CS mutant fascin after 60 min. No increase in light scattering was observed when actin filaments were incubated with 0.5 M mUb-fascin. At the saturating bun-dling concentration for mUb-fascin (2 M), there was a delay in actin bundling similar to that of 0.5 M K250C mutant (Fig. 5A ).
Next, we investigated the effects of monoubiquitination on fascin bundle disassembly. The actin bundles were cross-linked by incubation with wild type fascin, K250C mutant, or mUbfascin at saturating concentrations. The bundles were separated from unbound fascin proteins by centrifugation. The disassembly was initiated by resuspending the bundles in actin polymerization solution and monitored by the decrease in fluorescence. As shown in Fig. 5B , the fluorescence of wild type fascin and K250C/7CS bundles decreased by ϳ50% at 5 min, indicating the disassembly of actin bundles. In contrast, fluorescence of Ub-fascin bundles decreased by more than 50% within 1 min, indicating an 5-fold increase in disassembly rates. Taken together, our data suggested that perturbation of the positive charge patches at the actin binding sites of fascin will affect both the avidity and kinetics of the interaction between fascin and F-actin.
It is well established that fascin promotes cell migration in an actin bundling dependent manner. To determine the effects of monoubiquitination on the cellular function of fascin, we expressed wild type fascin or 2KR (K247R/K250R) mutant in DLD-1 colon cancer cells (Fig. 6A) . The lysine to arginine mutations prevent monoubiquitination at these sites without perturbing the positive charges at the actin binding sites. The ectopic expression of wild type fascin in DLD-1 cells promoted the numbers of migrated cells by ϳ2-fold (Fig. 6, B and C). The ectopic expression of 2KR mutant further promoted the migration of DLD-1 cells when compared with wild type fascin (Fig. 6, B and C) . Taken together, our data suggested that monoubiquitination inhibits the pro-migratory activity of fascin.
The E3 Ubiquitin Ligase Smurf1 Promotes Fascin Monoubiquitination-To determine the E3 ubiquitin ligase-mediating fascin monoubiquitination, we used FLAG-M2 beads to pull down fascin, and the proteins associated with fascin were fractionated by SDS-PAGE and identified through mass spectrometry. Interestingly, six peptides corresponding to the E3 ubiquitin ligase were identified through LC-MS/MS (Fig. 7A ). EGFP-fascin was co-immunoprecipitated by Smurf1, but not its analog Smurf2, suggesting that fascin specifically interacted with Smurf1 (Fig. 7B ). To determine whether Smurf1 interacted with endogenous fascin, the fascin protein in HEK293 cells was immunoprecipitated by anti-fascin antibody, and the co-immunoprecipitated Smurf1 was detected by Western blotting. As shown in Fig. 7C , anti-fascin antibody, but not the control IgG, precipitated Smurf1, indicating the interaction between the two endogenous proteins. The ectopic expression of Smurf1 together with wild type or K0 ubiquitin in HEK293 cells significantly increased the amount of mono-and multiubiquitinated fascin (Fig. 7, D-F) , whereas Smurf1 knockdown in HEK293 cells decreased the amount of monoubiquitinated fascin by ϳ50%, suggesting that Smurf1 is at least partially responsible for catalyzing fascin monoubiquitination (Fig. 7G) .
To determine whether fascin might be able to directly mediate fascin monoubiquitination, we purified recombinant Smurf1 and conducted an in vitro ubiquitination assay. Purified fascin was incubated with ubiquitin, E1, and E2 ligase and with or without recombinant Smurf1. As shown in Fig.  7H , a mono-Ub fascin band was detectable when Smurf1 was present in the in vitro ubiquitination reaction, suggesting that Smurf1 directly catalyzes the monoubiquitination of fascin.
Discussion
Because individual actin filaments are insufficient to overcome compressive forces from the plasma membrane (21) , the cross-linking of F-actin into compact and rigid bundles is essential to generate finger-like protrusions such as filopodia. In filopodia fascin undergoes rapid cycles of association and dissociation, with t1 ⁄ 2 Ͻ10 s (4, 21) . Even in the highly stable mechanosensory stereocillia in hair cells, fascin-2 undergoes rapid turnover with t1 ⁄ 2 several orders of magnitude faster than any other known hair cell bundling proteins (22) . Interestingly, in A375 melanoma cells the turnover of fascin in invadopodia was ϳ7 times slower than fascin in filopodia (4) . The differential fascin turnover speeds in the cell suggest active regulation of fascin dynamics in the actin cytoskeleton. Indeed, the dissociations of phosphomimetic mutants of fascin and fascin-2 from actin bundles in filopodia and stereocilia were much faster than wild type proteins (4, 22) , suggesting a role for post-translational modification in fascin and fascin-2 turnover. However, paradoxically, the constitutively active mutations of the PKC phosphorylation sites on fascin and fascin-2 (S39A for fascin and S38A for fascin-2) did not have a noticeable effect on their fast turnover in filopodia and stereocilia. It is possible that the turnover of fascin is regulated by other post-translational regulation in addition to PKC phosphorylation.
Here we report that fascin and fascin-2 are modified by monoubiquitination. The monoubiquitination sites of fascin locate at a lysine-rich 241-250 loop within the ABS2 of fascin. The four lysine residues in this loop are critical for fascin bundling activity, as demonstrated by the mutagenesis and actin bundling assay. Interestingly, the 241-250 loop locates at the center of the positive charge patch at the ABS2. Although single mutation of these lysine residues to alanine or cysteine only moderately reduced bundling activity, the double and quadruple mutations drastically inhibited fascin bundling, suggesting that these residues cumulatively contribute to fascin-actin interaction.
Taking advantage of a recently developed chemical ubiquitination approach (20), we were able to achieve site-specific ubiquitination of fascin mimicking native monoubiquitination. Using in vitro actin bundling assays, we demonstrated that monoubiquitination at the ABS2 remarkably reduced fascin bundling activity. Notably, although at high concentration (2 M) mUb-fascin was able to bundle F-actin, the bundles were less compact and inherently disordered. Moreover, monoubiquitination significantly slowed the initiation of cross-linking and accelerated the disassembly of actin bundles, suggesting that monoubiquitination modulates fascin activity and turnover in actin bundles. The quick turnover of fascin may help to relieve local stresses constantly generated inside filopodial actin bundles, which might be essential to maintain the integrity of filopodia (21) . Monoubiquitination regulates a wide range of biological process by promoting or inhibiting protein-protein interactions (17) . This could be achieved either by modifying specific residues or a defined domain in substrates (16) . Interestingly, most of the monoubiquitinated residues in fascin are confined to its actin binding sites. It is possible that the positively charged patches in the actin binding sites are critical for both the interaction with F-actin and the recognition by the ubiquitin ligase(s). Importantly, many of the ubiquitinated lysine residues are either directly involved in fascin-actin interaction or are immediately adjacent to residues critical for fascin bundling activity, suggesting that monoubiquitination of these residues will introduce steric hindrance inhibiting the interaction between fascin binding sites and F-actin.
Over the years we have performed fascin Western blotting using various cancer cells and fibroblasts with high fascin levels (including fascin Western blotting experiments in Fig. 1D ), and we rarely see fascin bands corresponding to mono-or multiubiquitinated fascin using anti-fascin antibody. Therefore it is likely only a small fraction of fascin is modified by mono-or multiubiquitination. However, this should not be interpreted as fascin monoubiquitination has no physiological relevance. Indeed, mutation of the two ubiquitination sites to arginine (2KR mutant) enhances cell migration, suggesting that monoubiquitination is an important inhibitory mechanism for fascinmediated cell migration. Although for some proteins (e.g. SETDB1 and PCNA) it is important to have a significant fraction modified by monoubiquitination, there are also plenty of DECEMBER 30, 2016 • VOLUME 291 • NUMBER 53
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examples where only a small fraction of proteins is modified to regulate their physiological functions. For instance, there is convincing evidence that monoubiquitination inhibits the function of p53 and Smad4 by promoting nuclear export (p53) or preventing the formation of transcriptional complexes (Smad4), despite the fact that only very small fractions of p53 and Smad4 are monoubiquitinated (23, 24) . This is probably because monoubiquitination of these proteins may be activated only in some circumstances or in some subcellular compartments. Monoubiquitination is a highly dynamic process regulated by ubiquitin ligases and deubiquitinases (18) . Our data suggested that fascin monoubiquitination is promoted by the E3 ubiquitin ligase Smurf1. Interestingly, the localization of Smurf1 to filopodia and lamellipodia has been previously reported (25) . It is possible that filopodial Smurf1 ubiquitinylates fascin to control filopodium flexibility and/or retraction. Future investigation into this area is warranted.
The actin cytoskeleton in metastatic cancer cells is dysregulated to promote cell motility, invasiveness and metastatic dissemination. In recent years, fascin has emerged as a prominent driver for cancer metastasis. The overexpression of fascin has been reported in almost all the carcinomas (2, 14, 26, 27) , and fascin overexpression uniformly correlates with aggressive clinical course, metastatic progression, and poor prognosis (14, 28 -33) . The transcriptional regulation of fascin in cancer has been extensively studied, with inflammatory cytokines, hypoxia, epithelial to mesenchymal transcription factors, and Wnt/␤-catenin pathways, among others, being implicated in the up-regulation of fascin levels in various cancers (33) (34) (35) (36) (37) (38) . In contrast, little is known about the post-translational regulation of fascin other than the Ser 39 phosphorylation by PKC. Paradoxically, many PKC agonists such as phorbol 12-myristate 13-acetate (PMA) are well known carcinogens. Therefore how PKC phosphorylation of fascin contributes to cancer progression remained to be determined.
Materials and Methods
Ubiquitination Assay-HEK293 or 293T cells were co-transfected with plasmids encoding FLAG-fascin, HA-Ub, and Smurf1 using the PEI method as previously described (39) . The The FLAG-tagged proteins were precipitated with anti-FLAG M2 beads, and the presence of EGFP-fascin was detected by Western blotting. C, co-immunoprecipitation of endogenous fascin and Smurf1. Fascin protein in the HEK293 cell lysate was precipitated with anti-fascin antibody, and the co-precipitated Smurf1 was detected by Western blotting. D, lysates from HEK293 cells were immunoprecipitated with anti-fascin antibody, and the presence of ubiquitinated proteins was detected with anti-HA antibody through Western blotting. E, fascin was co-expressed with K0 mutant (all lysine mutated to alanine) of HA-Ub and with or without Smruf1 in HEK293 cells. After immunoprecipitation with anti-fascin antibody, the ubiquitination of fascin by HA-Ub K0 mutant was detected with anti-HA antibody. F, ubiquitinated proteins in HEK293 cells expressing His-tagged ubiquitin were pulled down with Ni-NTA beads, and the presence of ubiquitinated fascin was detected with anti-fascin antibody. G, the effect of Smurf1 knockdown on the levels of monoubiquitinated fascin. H, purified fascin protein (50 ng) was incubated with ubiquitin, E1, and E2 ubiquitin ligase in the presence or absence of recombinant Smurf1. The presence of fascin and mono-Ub fascin was detected by Western blotting with anti-fascin antibody. IB, immunoblotting; IP, immunoprecipitation. cells were harvested 36 -48 h post transfection and lysed on ice with radioimmune precipitation assay buffer supplemented with 1% SDS and protease inhibitors. After brief sonication, the lysates were heated at 97°C for 8 min and centrifuged at 12,000 ϫ g for 10 min. The supernatant was incubated with M2 anti-FLAG beads (Sigma) overnight at room temperature. The beads were washed three times and subjected to SDS-PAGE. The Western blotting was performed with anti-HA antibody.
To isolate ubiquitinated fascin with Ni-NTA beads, 293T cells were co-transfected with plasmids encoding FLAG-fascin and His-Ub using PEI. The cells were scraped from the plate and resuspended in 1 ml of PBS at ϳ24 -32 h post transfection. One-fifth of the cells were lysed in SDS loading buffer for determination of input. The rest of the cells were lysed in buffer A. After sonication and centrifugation, the supernatant was incubated with 30 l of Ni-NTA beads at room temperature for 4 -16 h. The beads were washed subsequently with buffer A, buffer B, buffer C with 0.2 Triton X-100, and then buffer C alone for 5 min each. The protein was eluted with 50 l of elution buffer for 20 min and subjected with Western blotting using anti-FLAG antibody. The buffers were: A, 6 M guanidinium HCl, 0. F-Actin Polymerization-G-Actin powder was purchased from Cytoskeleton (catalog no. AKL99-C). F-Actin was polymerized by incubating G-actin (25 M) in actin polymerization buffer (20 mM Tris, pH 8, 100 mM KCl, 1 mM ATP, 2 mM MgCl 2 ) for 60 min at room temperature. The actin filaments were centrifuged at 20,000 ϫ g for 30 min at 4°C to remove any protein aggregates.
Purification of Wild Type and Mutant Fascin Proteins-The wild type and mutant fascin proteins (7CS: C19S/C61S/C89S/ C260S/C226S/C397S/C456S; K247C/7CS, K250C/7CS, K241A, K244A, K247A, K250A, K241A/K244A, K247A/K250A, and K241A/K244A/K247A/K250A) were expressed as recombinant GST fusion protein and purified as described previously (11, 14) . Escherichia coli BL21 (DE3) cells expressing fascin proteins were cultured at 37°C in LB medium (1 liter) containing 50 g/ml kanamycin. The protein expression was induced with 0.1 mM isopropyl ␤-D-thiogalactopyranoside when the A 600 of the culture reached 0.8 -1.0. After overnight incubation at 16°C, the cells were harvested and resuspended in GST buffer A (50 mM Tris, 150 mM NaCl, 1% Triton, 0.1 mM PMSF, 5 mM EDTA, pH 8). The cells were lysed by sonication, and the lysate was centrifuged at 40,000 g for 30 min at 4°C. The supernatant was incubated with 1 ml of glutathione-agarose beads (Thermo catalog no. 16100) at 4°C for 2 h. After washing with GST wash buffer (50 mM Tris, 150 mM NaCl, pH 8) five times, the beads were resuspended in thrombin buffer (50 mM Tris, 150 mM NaCl, 1 mM CaCl 2 , pH 7.6) containing with 30 unit thrombin (Sigma, catalog no. T9326) and incubated overnight at 4°C. The cleaved fascin protein in the supernatant was concentrated using a 30-kDa centrifugal filter (Amicon catalog no. Ultra-15 ml) to over 8 mg/ml. The aliquoted proteins were frozen with liquid nitrogen and stored at Ϫ80°C.
Chemical Monoubiquitination of Fascin-Chemical ubiquitination of fascin was carried out using a protocol previously described for PCNA (20) with modifications. To purify Hisubiquitin-intein-CBD fusion protein, BL21 (DE3) cells were transformed with pTYB1-Ubiquitin plasmid (a generous gift from Zhihao Zhuang, University of Delaware). The cells were cultured at 37°C in LB medium until A 600 reached 0.8 -1.0. The protein expression was induced with 0.1 mM isopropyl ␤-Dthiogalactopyranoside at 16°C for 18 h. The cells were harvested by centrifugation, resuspended in lysis buffer (20 mM Tris, 200 mM NaCl, 1 mM EDTA, 5% glycerol, pH 7.5), and lysed by sonication. The lysate was centrifuged at 40,000 ϫ g for 30 min at 4°C. The supernatant was incubated with 4 ml of chitin resin for 2 h at 4°C. After washing five times with 50 ml of high salt wash buffer (20 mM Tris, 1 M NaCl, 1 mM EDTA, 5% glycerol, pH 7.5) and five times with 50 ml of low salt wash buffer (50 mM Tris, 100 mM NaCl, pH 8.5), the His-ubiquitin was cleaved by incubation with 10 ml of cleavage buffer (50 mM Tris, 100 mM NaCl, 100 mM cysteamine, pH 8.5) overnight at 4°C. The resin was eluted with another 10 ml of cleavage buffer. His-Ub-SH was then concentrated with a 10-kDa Centrifugal Filter (Amicon catalog no. Ultra-15 ml).
To remove free cysteamine, the samples were applied to HiTrap desalting column (GE Healthcare catalog no. 11-0003-29) and eluted with ligation buffer (20 mM Tris, 50 mM NaCl, 1 mM EDTA, pH 7.0). The fractions containing His-Ub-SH were combined and concentrated to 400 l. To activate the thiol group, His-Ub-SH was incubated with 5,5Ј-dithiobis-(2-nitrobenzoic acid) (DTNB) (4.8 mg, 12 M) in 50 mM sodium phosphate, pH 7.5, at room temperature for 30 min. After desalting, ubiquitin protein fractions were with a 10-kDa centrifugal filter. To chemically monoubiquitinate fascin, K250C/7CS fascin was mixed with the DTNB activated His-Ub-SH (250 l, 0.6 mol) at 1:4 molar ratios and incubated at room temperature for 2 h. Aliquots were removed at various time points and quenched by flash freezing with liquid N 2 . The reaction products at various time points were analyzed in a 10% denaturing non-reducing SDS-PAGE gel. Excess His-ubiquitin was removed with a 50-kDa centrifugal filter and concentrated to Ն5 mg/ml.
To remove the disulfide bond linked ubiquitin, Ub-fascin was incubated with 1 mM DTT at 25°C. The complete removal of ubiquitination was analyzed with 10% non-reducing SDS-PAGE. Same concentration of DTT used in low speed sedimentation assay, electron microscopy analysis, and fluorescence microscopy analysis to rescue the bundling activity mUb-fascin.
Low Speed Sedimentation Actin Bundling Assay-Low speed sedimentation assays were carried out as we described previously (11, 14) . 2.5 M F-Actin was mixed with wild type, mutant fascin, or Ub-fascin for 1 h at room temperature to allow the formation of actin bundles. The mixtures were centrifuged for 20 min at 11,000 ϫ g at 4°C to precipitate actin bundles. The supernatant was carefully separated from the pellet, and the amount of actin and fascin in the supernatant and pellet was analyzed with 10% SDS-PAGE.
